Three representative cytokines interleukin (IL-8), RANTES and tumour necrosis factor a (TNF-a) have a concentration-dependent chemotactic effect on the unicellular Tetrahymena. Maximal effective concentrations of IL-8 (1 ng/ml) and RANTES (75 ng/ml) are in the same range as in mammals, which indicates an evolutionary background of physiological effects elicited. Progeny generations of cells selected for their affinity to cytokines show an enhanced positive chemosensory reaction to the cytokines. The changed reaction of these cells to the chemoattraction of the culturing medium was also observed. The results call attention to the presence of cytokine-dependent processes at a low phylogenetic level.
CHEMOTAXIS AND CHEMOTACTIC SELECTION INDUCED WITH CYTOKINES (IL-8, RANTES AND TNF-a) IN THE UNICELLULAR TETRAHYMENA PYRIFORMIS
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Three representative cytokines interleukin (IL-8), RANTES and tumour necrosis factor a (TNF-a) have a concentration-dependent chemotactic effect on the unicellular Tetrahymena.
Maximal effective concentrations of IL-8 (1 ng/ml) and RANTES (75 ng/ml) are in the same range as in mammals, which indicates an evolutionary background of physiological effects elicited. Progeny generations of cells selected for their affinity to cytokines (IL-8 and TNF-a) show an enhanced positive chemosensory reaction to the cytokines. The changed reaction of these cells to the chemoattraction of the culturing medium was also observed. The results call attention to the presence of cytokine-dependent processes at a low phylogenetic level.
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Chemotactic responses belong to the most basic physiological activities of both unicellular and multicellular organisms; however, with different roles at different phylogenetic levels. In the early stages of evolution, short peptides, carbohydrates and other nutrients are thought to have been responsible as ligands for inducing chemotactic responses. In the consecutive steps of signalling development, other more complex ligands, receptors or receptor-like structures, and signal pathways appeared. 1 Unicellular organisms of the present day respond to a scale of peptides 2, 3 or steroids 4 as signal molecules via receptor-mediated mechanisms. 5 In higher phylogenetic levels chemoattractant and chemorepellent substances are present in a wide range of tissues with different physiological and pathological activities, participating in fertilization, 6 angiogenesis, 7 or vascular and extravascular migration during inflammation. 8 The specificity of these different responses are well determined and tuned by a network formed between the tissue/cell-released soluble substances, e.g. chemokines, and the target, migratory cells. In mammals, among others, three cytokines-IL-8, RANTES and TNF-a-possess characteristic, well-studied chemotactic potential. [9] [10] [11] The network of signalling by cytokines is complex and, although they have common targets of action, their molecular structure differs (C-C and C-X-C chemokines, or other cytokines). 12 24 while TNF-a induces the migration of fibroblasts. 26 These facts indicate that reactions to chemokines are important in both basic and clinical research, however we have no data about their chemotactic effects at a low eukaryotic phylogenetic level.
Tetrahymena, a ciliated protozoan, is frequently used as a model cell in cellular and molecular biology and cell physiology. 27 The suitability of this ciliate as a model is based on its similarity to the mammals in respect to membrane structure and function; 28 etc. In addition, chemosensitivity is one of the most essential physiological responses of these unicellular organisms. Previous studies have proved that a large group of signal molecules, including hormones, 36 lectins 37 and short peptides, 38 have the capacity to induce specific chemotactic responses. Some of the substances tested, like the bacterial origin tripeptide fNle-Leu-Phe, which has a strong chemoattractant effect on neutrophils, 39 and its antagonist variant, suggested evolutionary conclusions and the suitability of using this protozoa as a model cell of chemotaxis.
In the present experiments, two basic problems were studied: (1) To test whether, after application of the three cytokines, IL-8, RANTES and TNF-a, these molecules have any potency to elicit chemosensitive responses in a Tetrahymena model. (2) To characterize this probable chemotactic response from a new perspective, namely ''chemotactic selection''. This way of evaluation provides information about positively responding cells and their chemotactic responses in offspring generations. In this way, we could characterize the drive/potency of the three cytokines to select our model cells, and also the homogeneity of the selected populations to the given cytokine.
RESULTS
Concentration course of chemotaxis
There was a diverse chemotactic response induced by the three cytokines. Concentration course analysis (Fig. 1 ) demonstrated that IL-8 has chemotactic potency on Tetrahymena with maximal, most significant effect at low, 1 ng/ml concentration, however 0.5 ng/ml concentration also induced chemotaxis. In the higher concentration range there was a distinct peak at 25 ng/ml with a mild chemotactic potency, but 20 and 50 ng/ml concentrations of IL-8 had strong chemorepellent effects. RANTES also promoted chemotactic behaviour, but only at the high concentrations, with maximal effect at 75 ng/ml. Below this concentration this substance could not induce chemotaxis of the unicellular model cell. The third cytokine, TNF-a, had only one detectable significant chemotactic peak at 1 ng/ml. Lower and higher concentrations elicited chemo-repellent effects, underlined both in the high (10 ng/ml) and low range (0.1-0.5 ng/ml) of concentrations.
Chemotactic selection
IL-8 showed a significant chemotactic effect in group Control/IL-8 (Fig. 2) . The chemotactic responses of IL-8-selected groups were diverse up to the substance applied the second time. Cells of the IL-8/Control group demonstrated a strong chemotactic response towards the control substance itself. However, IL-8, the substance applied for selection, could induce a significantly higher response.
Potency to select cells by chemotaxis was partly different in TNF-a groups. Cells selected by control medium (Control/TNF) showed enhanced chemotactic behaviour, identical to that of the control cells of the first part of the experiment, when TNF-a was applied the second time (Fig. 2) . Chemotactic activity of subpopulations selected with TNF-a varied according to the substance applied the second time. These cells did not prefer control medium, which had a mild repellent effect on TNF/Control cells. In contrast, the TNF-a elicited very significant chemotactic responses in the TNF-selected group (TNF/TNF).
Effects of RANTES were different from the two cytokines mentioned above (Fig. 2) . RANTES could work as an attractant on the cells selected with control media (Control/RANTES). The subpopulations selected with RANTES had negative or low responsiveness at the second time, as the control media could elicit significant chemo-repellent behaviour (RANTES/ Control) and RANTES itself did not induce any chemotactic response (RANTES/RANTES).
DISCUSSION
Selection seems to be a crucial step of chemotactic processes in higher organisms. During inflammation, formation of the leukocyte subsets and their directional migration is highly regulated by several substances, such as products of bacteria as well as the complement cascade, leukotriene metabolites secreted by different cells of the micro-environment, and chemokines the compounds tested here. [40] [41] [42] Chemokines-members of the superfamily of cytokines-have the potency to induce selective, non-random locomotion of different cells at diverse tissue loci: primary neutrophil rolling and adhesion, followed by emigration of cells through the wall of postcapillary venules, and, finally, the initiation of effector, phagocytic events. Selective chemokine signals promote the accumulation of monocytes, T and B lymphocytes at the site of inflammation. Consecutively, products of these cells are multipotent, as they initiate respiratory burst (in monocytes), degranulation and the release of several enzymes, among which there are also direct and indirect chemotactic factors. 43 Members of the chemokine family have high (20-45%) homology. They are classified into two main subgroups: C-C and C-X-C chemokines. Grouping is based on sequence homology, particularly the content of a conserved structural motif: in C-C group there is a pair of cysteines close to the amino-terminal end of the molecule, while in the members of C-X-C group there is an amino acid inserted between the two cysteines. Chemokine receptors responsible for signal transduction also demonstrate high identity, e.g. receptor of the C-X-C molecule IL-8 and receptors of C-C chemokines demonstrate 32% identity. 44 The chemokines tested in this experiment represent these two groups: RANTES belongs to C-C chemokines, while IL-8 is a member of the C-X-C chemokine subfamily. 12 The third molecule, TNF-a, although not a member of chemokines, is a key CYTOKINE, Vol. 10, No. 7 (July, 1998: 481-486) 484 / Ko hidai and Csaba molecule as this substrate is one of the most essential factors released by cells recruited during inflammation and it works as a strong inducer of IL-8 synthesis. 45 On the basis of the literature mentioned above, we can evaluate our results as molecule-dependent chemotactic responses elicited by basically different peptides possessing chemotactic character.
Concentration course analysis of chemokines (IL-8 and RANTES) indicates that unicellular Tetrahymena has similar receptorial and efferent mechanisms, concerning specific chemotactic response, to those of higher, multicellular organisms. Comparison of the most effective concentrations of these two molecules shows that the sensitivity of Tetrahymena to both substances is in the same range as in mammals. 24, 46 However, in contrast to mammals, Tetrahymena exhibits higher sensitivity to IL-8 (1 ng/ml vs 4 ng/ml), while exhibiting lower sensitivity to RANTES (75 ng/ ml vs 50 ng/ml). The one-peak chemoattractant effect of TNF-a indicates the specificity of this molecule at a low concentration (about 1 ng/ml) and its repellent effect or toxicity at lower or higher concentrations, respectively.
In the ''selection experiments'' a population was selected and sustained of cells, which were sensitive to the ''invitation'' of cytokines at the first encounter. The progeny generations of these cells were studied after 1 week (about the 70th generation) for chemosensory response to the culturing medium alone, or to this medium and the cytokine provoking the selection. By this arrangement of the experiments we could evaluate the selecting capacity of a chemotactic signal, which could have had, an important role during the evolution of signalling systems. The use of the culturing medium as control in the selection experiments was necessary, as its chemoattractant effect was known from our previous reports. 2, 36 The study of selection indicated the different potentials of cytokines to select cells. The three cytokines had positive chemotactic potency at the first encounter. The chemotactic response of the offspring generations was different. The response of the cells selected with two cytokines (RANTES and TNF-a) was decreased to the medium (RANTES/C and TNF/C), which shows that the sensitivity of these populations is changed compared to the control, while IL-8 had no such effect. The specificity of cells selected was further studied when the same cytokine was applied at the second time as well. Selection with the C-X-C chemokine IL-8 and TNF-a had the potential to ''collect'' cells possessing higher responsiveness than the mixed cultures. We might interpret this enhanced chemotactic response as a sign of selection, on the basis of receptor mediated mechanisms. Though the presence of IL-8 receptor has not been detected, the positive chemotactic activity of fMet-Leu-Phe to Tetrahymena 38 and the 77% homology found in the receptors of the tripeptide and IL-8 47 also indicate the specificity of the response elicited. In addition to the mechanisms discussed above, there is a possibility that cytokines at the first selection provoked an imprinting-like effect 1 on the model cells. Although we can not exclude the possibility of this mechanism, according to our previous experiments, 15-min treatment was not enough to develop changes detectable by binding studies. 48 In the case of the C-C chemokine RANTES the chemotactic selection of cells was not a long lasting one. We cannot presently explain this fact, however, the chemotactic profile of RANTES was uncertain (see Fig. 1 ), considering the fluctuating behaviour of the concentration curve.
In conclusion, Tetrahymena proved to be a good model to evaluate selective chemotaxis elicited by cytokines/chemokines. Our results, in accord with previous data from the literature, demonstrate that these signal molecules have more background in evolution than was considered before. 27, 49 The experiments call attention to the diverse reaction of Tetrahymena to different cytokines, manifested in the different chemosensory activity in the case of the first encounter and in the different selectioning capacity of cytokines.
MATERIALS AND METHODS
Cells and culturing
Cultures of Tetrahymena pyriformis GL were used in the logarithmic phase of growth. The cells were sustained in a medium containing 1% tryptone (Difco, Michigan, USA) and 0.1% yeast extract (Difco) at 28°C.
Chemotaxis assay
Measurement of chemotactic activity was carried out according to Leick 50 in a test modified by us. 51 The time of incubation was 15 min. After incubation, the contents of the inner chamber were removed and cells were fixed in 4% formaldehyde containing PBS.
The samples were measured using a Neubauer cytometer. Each experiment was repeated five times.
In the first part of the experiments the concentration courses were evaluated. The chemokines were obtained from: human recombinant IL-8 (Promega, Madison, WI); human recombinant RANTES (Promega, Madison, WI); and TNF-a (Sigma Chemical Co., St Louis, MO). The following groups and concentrations were tested: (1) Control-fresh culture media was used as ''attractant''; (2) IL-8-0.5, 1.0, 5, 10, 20, 25, 50, 100 ng/ml; RANTES-10, 25, 40, 50, 60, 75, 100 ng/ml; TNF-a-0.1, 0.25, 0.5, 1.0, 5, 10 ng/ml.
Substances were diluted in fresh culture medium immediately before the experiments. The concentrations of substances applied were chosen according to the data 485 Chemotactic selection induced with cytokines / provided by the literature testing higher organisms for physiological responses.
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Chemotactic selection
In the second part of the experiment ''chemotactic selection'' was carried out. Set-up of the chemotaxis assay was similar to the first part. However, these experiments were done under sterile air-flow. The concentrations of the three chemokines for these assays were chosen according to their most effective concentration of the concentration course.
In this set-up, cells of the outer chamber were considered as ''mixed population'', and the drive of chemotactic substances, filled into the inner chamber, were applied to select populations on the basis of their chemotactic preference. In control groups fresh culture medium was applied as chemoattractant. After each run, selected cells (of the inner chamber) were transferred into fresh culture media. The cultures formed this way were transferred every third day. After a week, cultures were assayed again. The following groups were formed (the first word indicates the type of selection/the second indicates the chemoattractant applied one week later): 
Statistical evaluation
For statistical evaluation, Origin 2.8 and Statistica were used. These provided the values of Student's t-test, standard deviation and variance.
